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ABSTRACT: Porous polymer films are necessary for dissolved gas sensor applications that
combine high sensitivity with selectivity. This report describes a greatly enhanced dissolved
oxygen sensor system consisting of amphiphilic acrylamide-based polymers: poly(N-(1H,
1H-pentadecafluorooctyl)-methacrylamide) (pC7F15MAA) and poly(N-dodecylacrylamide-
co-5- [4-(2-methacryloyloxyethoxy-carbonyl)phenyl]-10,15,20-triphenylporphinato
platinum(II)) (p(DDA/PtTPP)). The nanoparticle formation capability ensures both
superhydrophobicity with a water contact angle greater than 160° and gas permeability so
that molecular oxygen enters the film from water. The film was prepared by casting a mixed
solution of pC7F15MAA and p(DDA/PtTPP) with AK-225 and acetic acid onto a solid
substrate. The film has a porous structure comprising nanoparticle assemblies with
diameters of several hundred nanometers. The film shows exceptional performance as the
oxygen sensitivity reaches 126: the intensity ratio at two oxygen concentrations (I0/I40)
respectively corresponding to dissolved oxygen concentration 0 and 40 (mg L−1).
Understanding and controlling porous nanostructures are expected to provide opportunities
for making selective penetration/separation of molecules occurring at the superhydrophobic surface.
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Superhydrophobic surfaces, with a water contact angle
apparently greater than 150°, have attracted much

attention because of their unique surface properties:1 they are
self-cleaning, water repellant, superamphiphobic,2 superomni-
phobic,3 and useful for water collection.4 Their surfaces offer a
unique confined space: gas−liquid−solid triple point. The
liquid, water, is separated by a horizontal line. Underneath the
interface, the air phase is maintained on a nanometer scale once
the liquid is touched on the surface. The surface porosity serves
as a reservoir to entrap gas. Theoretically, the surface is well-
described by the so-called Cassie−Baxter Law,5 but very little
attention has been devoted to how the biphasic surface, one of
which is air, brings about selective transport between different
phases.6−8

In terms of the selective permeability, fluorinated polymers
serve as promising materials because of their good water
repellency and their low permeability to water. Compared with
hydrocarbon polymer materials, they have higher oxygen gas
permeability.9 Considering their impermeability to water,
surface wettability control, i.e., superhydrophobic states,10 will
help enhance selective permeability: the air (oxygen) can cross
bidirectionally through the interface. However, the liquid
(water) cannot pass through the composite surface. Such a
critical condition offers selective transport of the gas from the
solution.7

Highly sensitive detection of dissolved oxygen in water has
been investigated intensively because of a demanding variety of
purposes including biological,11 industrial,12 and environ-
mental13 monitoring, and medical applications.14 In terms of
commercially available sensor systems for oxygen detection,
most detection systems are based on electron or light signals:

electrochemistry,15 fluorescence, and phosphorescence. Light
transducer systems are preferred because some targets are
highly explosive, such as redoxactive targets. Herein, we
demonstrate enhanced oxygen sensor capability in water.
Results show that amphiphilic fluorinated polymer enables
facile superhydrophobic surface formation merely by spreading
its solution on a solid substrate. The film has a porous nature
created by the nanoparticle assemblies with several hundred
nanometer diameters. The luminescence intensity ratio at the
dissolved oxygen concentrations of 0 and 40 mg L−1 in water
reached 126, which is the highest value reported to date. The
technique presents a new field of analytical and sensor science
at the interface of different phases.
Fluorinated amphiphilic polymer, poly(N-1H, 1H-pentadeca-

fluorooctyl methacrylamide) (pC7F15MAA, Figure 1a) is
soluble in AK-225, but insoluble in other solvents (chloroform,
THF, acetone, acetic acid, water).16 The specific feature of
pC7F15MAA is that the polymer has good amphiphilic
properties leading to an ultrathin monolayer formation at the
air−water interface. Dropcasting the mixed solution of two
polymers on solid substrates with two miscible but opposite
solvents, AK-225 and acetic acid, we prepared a pC7F15MAA
film with 5 wt % p(DDA/PtTPP) (Figure 1a), which shows a
reflective white-color (Figure 1b).17 Scanning electron
microscopy revealed that the film comprises nanoparticles
with 100−500 nm diameter (Figure 1c). The size and the film
thickness (approximately 2 μm) were controllable by adjusting
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the mixing ratio of solvents and total concentration. We also
confirmed that p(DDA/PtTPP) alone cannot form nano-
particles. Also, low-molecular-weight compounds such as
PtOEP form crystallines that are separated from pC7F15MAA
nanoparticles. Work related to the relation between polymer
design and nanoparticle formation is in progress.
Despite the facile preparation method, the results are

remarkable. The water droplet contact angle on the film
exceeded 150° with low hysteresis (<2°), which proves that the
film has a superhydrophobic character (162° in Figure 2a). The
critical surface energy of the superhydrophobic surface was
ascertained as 18.7 mN m−1 (Figure 2b, see Figure S1 in the
Supporting Information for comparison), indicating that the
surface is occupied by CF2 and CF3 groups.18 That is, the
pC7F15MAA side chains are oriented in the outward direction
of the nanoparticle surface. A selected time sequence of
snapshots illustrates clearly that a water droplet, even with 20
μL volume, can bounce freely on the pC7F15MAA/p(DDA/
PtTPP) film (Figure 3c); a dimensionless Weber number (We)
was We = 17. The impact and after-impact velocities were also
calculated as 0.85 (ms−1) and 0.68 (ms−1); the restitution
coefficient remains high as about 0.8, even at a large Weber
number. This finding suggests good water-repellent properties
of pC7F15MAA/p(DDA/PtTPP) film.
Angle-dependent XPS measurements elucidate the chemical

composition and the depth profile of the porous film. Figure 3a
shows the C 1s XPS spectra of pC7F15MAA/p(DDA/PtTPP)
film monitored varying a takeoff angle from 15° to 75°. The
data reflect the information related to the chemical components
2 nm to approximately 10 nm far from the top surface of the

film.19 The spectra in Figure 3a show two peaks: 285.2 and
291.3 eV. These peaks are ascribed to −C−C and −CF2
atoms.20 The shoulder at 293.4 eV is related with −CF3
atoms, reflecting that the nanoparticle surface is to a larger
degree covered with CF3 groups. Apparently, the C atom
concentration increases but the F atom concentration decreases
in the pC7F15MAA/p(DDA/PtTPP) film (Figure 3a) as the

Figure 1. (a) Chemical structures of pC7F15MAA and p(DDA/
PtTPP), (b) photograph of pC7F15MAA/p(DDA/PtTPP) mixed film
on a silicon wafer (scale bar = 2 mm). (c) Scanning electron
microscopy image of the film (scale bar = 2 μm).

Figure 2. (a) Water contact angle on the pC7F15MAA/p(DDA/
PtTPP) film. (b) Zisman plot of the pC7F15MAA/p(DDA/PtTPP)
film. (c) Photographs of the water droplet (20 μL) bounced on the
pC7F15MAA/p(DDA/PtTPP) film.

Figure 3. (a) Angle-resolved XPS spectra of (a) pC7F15MAA/
p(DDA/PtTPP) film and (b) pC7F15MAA film. (c) Atomic
concentration (fluoride (blue) and carbon (red)) of pC7F15MAA/
p(DDA/PtTPP) film (filled circle) and pC7F15MAA film (open
circle) as a function of the takeoff angle.
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takeoff angle increases, although no remarkable change is
observed at 285.2 eV for the pC7F15MAA film (Figure 3b).
The atomic concentration of the film at a takeoff angle of 15° is
almost equal to that of pC7F15MAA film (Figure 3c). That is
to say, the chemical composition of the outermost surface of
pC7F15MAA/p(DDA/PtTPP) film is identical to that of single
pC7F15MAA film. The increase (C atom concentration) and
the decrease (F atom concentration) at higher takeoff angles
indicate that p(DDA/PtTPP) is located close to the nano-
particle surface. Consequently, we infer that the top surface of
the nanoparticles is occupied by fluorinated components.
Therefore, the p(DDA/PtTPP) component is embedded in
pC7F15MAA. The resulting porous film exhibits a super-
hydrophobic surface.
Platinum(II) porphyrins have strong luminescence (phos-

phorescence) at the red wavelength region. The luminescence
intensity is well-known to depend on the surrounding oxygen
concentration.9,12 The pC7F15MAA/p(DDA/PtTPP) film
provides surface light scattering (Figure 1b), which enhances
the luminescence emission received by the detector. With the
porphyrin chromophores closely packed and located close to
the nanoparticle surface, analysis of oxygen information is fast
and sensitive. The porous film exhibits good oxygen sensitivity
in gas phase (Figure 4a). The film was placed in an in-house
cuvette; the oxygen concentration was regulated by a portable
gas mixture device. The luminescence intensity at 660 nm
decreased drastically as the oxygen concentration increased.
The film also has good reversibility for the oxygen
concentration (Figure 4b). As shown in the Stern−Volmer
plot (Figure S2 in the Supporting Information), the film
exhibits a good linear relation between the oxygen concen-
tration and the intensity ratio (I0/I). However, the sensitivity
value (I0/I100) was not so much higher than that described in

our previous report.21 In terms of the oxygen sensitivity, the
film thickness (5 μm) as well as the nanoparticle structure in
which p(DDA/PtTPP) is embedded inside the film might affect
the luminescence behavior. The time response was determined
to be 0.9 and 0.5 s, when switching from Ar to air atmosphere
or vice versa (Figure S3 in the Supporting Information). These
values, compared with those of previous reports, underscore the
excellent performance of our sensor system.22 It is noteworthy
that the uniform coating of the porous pC7F15MAA/p(DDA/
PtTPP) film enables clear mapping with microscopic scale.
Figure 4c shows time-resolved microscopic luminescence
images of the pC7F15MAA/p(DDA/PtTPP) film. Argon gas
flow is given on the surface through a needle from the bottom
left corner at 0 s. The gas value is closed at 0.60 s. Changes in
the argon gas flow are viewed clearly as luminescence images in
a millisecond time range.
The salient benefits of the superhydrophobic and porous

pC7F15MAA/p(DDA/PtTPP) film are the following: (1) the
surface is well described with the Cassie−Baxter model in
which the surface is classified with two components, i.e., air and
the solid included fluorinated components; and (2) higher
diffusion of molecular oxygen in the porous space than in
liquid, although water is repelled at the superhydrophobic
surface and is entrapped at the interface, which engender highly
sensitive detection of oxygen in water. The oxygen passing
through the interface consequently encounters the porphyrin in
the film. Figure 5a portrays luminescence spectra of the
pC7F15MAA/p(DDA/PtTPP) film as a function of dissolved
oxygen concentration. We set the film in the quartz cell filled
with water. Measurements were conducted after bubbling the
water at a certain oxygen concentration for at least 10 min. The
luminescence intensity decreased drastically as the oxygen
concentration increased. The linear relation in the Stern−

Figure 4. (a) Luminescence spectra of the pC7F15MAA/p(DDA/PtTPP) film in gas phase. The oxygen concentration was changed from 0%−100%
(0 (red), 2 (orange), 6 (brown), 9 (lime green), 14 (green), 33 (blue), and 100% (purple) from the top). The excitation wavelength was 441.6 nm.
(b) Time course of the luminescence intensity as a function of oxygen concentration. (c) Microscopic luminescence image for argon gas flow. A
schematic of the experimental setup is shown at the top left. The values correspond to time (s).
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Volmer plot is maintained at 0−40 mg L−1 (Figure 5b). The
sensitivity (I0/I40) reaches 126, which is the highest value
reported to date.23 For comparison, a Stern−Volmer plot of a
pC7F15MAA/p(DDA/PtTPP) film cast with AK-225 alone is
shown in Figure 5(b) (blue curve). The film exhibits no
nanoparticle formation (Figure S4 in the Supporting
Information); the water contact angle was 106°. The cast film
(blue) yielded lower sensitivity (I0/I40 = 22.6). Results imply
that the porous structure is extremely effective at enhancing the
dissolved oxygen sensitivity.
Deeper understanding of the pC7F15MAA/p(DDA/PtTPP)

film structure enables us to elucidate how the dissolved oxygen
behaves in the porous film. A superhydrophobic surface
consists of two components: a water contact region and an
air region. The air−liquid interface fraction of the
pC7F15MAA/p(DDA/PtTPP) film underneath the water
droplet was determined as 93%. Subsequently, QCM measure-
ments revealed that the porous film had 74% porosity (see
Supporting Information). Results imply that the void serves as
“an external lung” to exchange the dissolved oxygen with the
surrounding water.24 We also monitored the luminescence
decay curves of the film in water by varying the dissolved
oxygen concentration (Figure 5c). Luminescent decay data
were obtained using a streak scope system with a Q-switched
Nd:YAG laser (5 ns, 10 Hz, 355 nm). All luminescence decayed
single exponentially. The decay curves were fit with a single
exponential function. We also monitored how the lifetime is
related with the partial pressure of oxygen in gas phase using a
pressure-controlled chamber that was produced in-house. The

lifetime in the gas phase is well described by an empirical
equation (Figure S5 in the Supporting Information). The
control experiment enables determination of the partial
pressure of oxygen in the pC7F15MAA/p(DDA/PtTPP) film
once we obtain information related to the lifetime even in
water. A linear relation is clear between the partial pressure of
oxygen in gas phase and the dissolved oxygen concentration
(Figure 5d). The line in Figure 5d is drawn using Henry’s Law.

=p HCO2 (1)

Therein, pO2
represents the partial pressure of oxygen in the gas

phase, H stands for the Henry’s Law constant, and C signifies
the dissolved oxygen concentration in water. We used the
Henry’s Law constant for oxygen at 20 °C (2.27 (kPa L
mg−1)).25 The complete agreement constitutes strong evidence
that the void of the film is occupied by gas phase. Furthermore,
the lifetime at 20 kPa (2.5 μs) is equal to that at ambient
dissolved oxygen concentration (8.8 mg L−1). These results
suggest that the equilibrium state is maintained between the
entrapped gas and dissolved oxygen through the super-
hydrophobic surface of the pC7F15MAA/p(DDA/PtTPP)
film. Enhancement of the sensitivity in water, when compared
between Figure S2 in the Supporting Information and Figure
5b, might reflect less light scattering in water than in gas phase.
Regarding the film time response, it lies on the order of 1 × 102

s (Figure S6 in the Supporting Information), which is not
surprising. Generally, approximately 1 min is necessary to reach
equilibrium across the air−liquid interface. In that sense, the
present sensor system offers good time response as well as high
sensitivity for dissolved oxygen.
In conclusion, we demonstrated a new sensing system for

dissolved oxygen detection based on surface wettability and
oxygen sensitive luminescence. A superhydrophobic surface was
realized using a facile bottom-up approach: casting a mixed
solution of two amphiphilic polymers, pC7F15MAA and
p(DDA/PtTPP) on solid substrates. A white opaque and
porous film was obtained, which consisted of nanoparticles of
100−500 nm diameter. Because of the good oxygen
permeability and low surface tension of fluorinated side chains,
oxygen detection was demonstrated in both air and water. The
film provides especially excellent oxygen sensitivity in water
(I0/I40 = 126), which is the highest value reported to date.23

The diameter of molecular oxygen is 0.3 nm, resulting in the
mean free path 100 nm at room temperature and ambient
pressure.26 The path length is comparable to the size of
porosity: Oxygen molecules can move more freely in the
porous film. For that reason, our porous film shows the highest
sensitivity for detecting dissolved oxygen. The free volume of
conventional cast films is in the single-nanometer range.
Molecular oxygen moves less freely, even if it comes across the
water−film interface, leading to luminescence quenching
restrained at the film surface. Much work remains to elucidate
nanoparticle permeability and structure.
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Figure 5. (a) Luminescence spectra of a porous pC7F15MAA/
p(DDA/PtTPP) film in water as a function of oxygen concentration in
the range of 0.1 (mg L−1) (top) to 40 (mg L−1) (bottom). (b) Stern−
Volmer plots for the porous film (red) and the cast film (c) Time-
resolved luminescence decay curves for pC7F15MAA/p(DDA/
PtTPP) film in water: (from the top) 0.7, 4.2, 8.8, and 15.0 mg L−1

oxygen concentration. (d) Partial oxygen pressure in pC7F15MAA/
p(DDA/PtTPP) films as a function of the dissolved oxygen
concentration.
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